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We demonstrated recently that polyelectrolytes with cationic moieties along the chain and a single
anionic head are able to form physical hydrogels due to the reversible nature of the head-to-body
ionic bond. Here we generate a variety of such polyelectrolytes with various cationic moieties and
counterion combinations starting from a common polymeric platform. We show that the rheological
properties (shear modulus, critical strain) of the final hydrogels can be modulated over three orders
of magnitude depending on the cation/anion pair. Our data fit remarkably well within a scaling
model involving a supramolecular head-to-tail single file between cross-links, akin to the behaviour
of pine-processionary caterpillar. This model allows the quantitative measure of the amount of
counterion condensation from standard rheology procedure.
Keywords:
INTRODUCTION
Since the pioneering work of Wichterle and Lím [1]
which established their relevance in a biomedical con-
text, polymer-based hydrogels have never ceased to be a
very active field of research[2, 3]. They have recently
experienced a burst of interest among the biomedical
community as controlled drug delivery cargoes or scaf-
folds for wound healing or tissue repair[4, 5]. Polyelec-
trolytes are being extensively put to use in this particu-
lar context[6, 7]. Their gel formation mechanism often
involves reversible-by-nature electrostatic interactions,
which can be used for instance to trigger “smart” re-
lease of bioactive substances[8, 9]. Besides, poly(cationic)
gels have been reported to combine antimicrobial activ-
ity with scaffold properties for the adherence and growth
of cells, and are therefore increasingly used in clinical
applications[3, 10]. In this framework, injectability is a
key feature, as it provides an easier way to gel deliv-
ery in vivo[11]; thus, reversible shear thinning biocom-
patible hydrogels are a particularly sought after class of
materials[12].
Contrary to a small electrolyte for which full ion
pairs dissociation is generally achieved in water, polyelec-
trolytes in solution are in general not fully dissociated,
with a substantial fraction of the counterions bound to
the polymer[13]. The resulting net charge of the chain
governs the physical properties of the polyelectrolytes
solution [14–18], first of all the ability of the polymer
to dissolve in a poor solvent. Counterion condensation
is the physical bounding or adsorption of counterions
near the polymer chain. Factors influencing this pro-
cess have been known since the 1880’s but are still not
fully understood. Hofmeister [19] was the first to pro-
pose a systematic ranking of ions, based on their propen-
sity to promote the coalescence of egg white. This so-
called Hofmeister series has since proved quite univer-
sally valid[20], including multi-charged polymers such as
naturally occurring proteins or synthetic polyelectrolytes
as well as charged colloidal particles[21, 22] or soft mat-
ter interfaces in general[23]. However, depending on the
nature of the polymer (hydrophilic or hydrophobic, an-
ionic or cationic), the Hofmeister series can be direct (in
short, well hydrated ions promote condensation) or re-
verse [21, 22].
We have recently reported on a highly reversible
poly(cation) based hydrogel[24], which formation re-
lies on a new concept of supramolecular electrostatic
interaction. Briefly, the atom transfer radical poly-
merisation (ATRP) is initiated by a phosphonate-
terminated ATRP initiator, eventually affording an
anion-terminated poly(cationic) polymer. When dis-
persed in an aqueous medium, this polymer forms an
hydrogel through the occurrence of a head(anion)-to-
body(cations) supramolecular network. This highly dy-
namic electrostatic network provides the resulting gel
with spectacular mechanical and self-healing properties.
Moreover the interaction can be disrupted by various
chemical stimuli, such as pH or ionic strength.
In the present report, we investigate the role of the
counterion condensation on the mechanical properties of
such hydrogels. In a first part we describe how we take
advantage of our postfunctionalization approach to play
systematically with the nature (aromatic or not) of the
cationic repeating unit and the associated halide counte-
rion (F–/Cl–/Br–/I–) varied along the Hofmeister series.
In the second and third parts, we show respectively the
qualitative change in gel formability and the quantita-
tive variations of mechanical properties of the aqueous
dispersions obtained from these well-characterized poly-
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Figure 1: Synthesis of PIm+Br– and PPyr+Br– and their intermediates POH and PBr with N0 = 70.
mers. In a fourth part, we rationalize this behaviour by
proposing a microscopic model based on the idea that
at low dissociation rates, cross-links (defined as a point
where three or more polymers meet) are not separated by
a single macromolecule but by several (up to hundreds)
polymers in a supramolecular chain. We call this be-
haviour “processionary” in analogy to pine processionary
caterpillar (Thaumetopoea pityocampa) behaviour[25]. In
particular, this model enables the quantification of the
charge condensation rate from standard rheological mea-
surements.
RESULTS AND DISCUSSION
Synthesis and characterizations
We synthesise the phosphonate terminated polymer
hereafter referred to as PBr according to our previ-
ously reported methodology[24, 26]. We obtain a well-
controlled linear polymer (Mw = 8200Da from NMR,
5614Da from GPC with Mw/Mn = 1.08; see Sup-
plementary Materials and Supplementary Figure S1),
with a degree of polymerisation N0 = 70 (NMR). This
polymer serves as a common scaffold from which we
derive all studied systems. Nucleophilic addition of
N-methylimidazole or N-methylpyrrolidine to a heated
solution of PBr in THF affords the corresponding
poly(imidazolium) and poly(pyrrolidinium) compounds.
In these cases, as an inherent consequence of the struc-
ture of the starting material, charge neutrality is provided
by bromide counter ions, and the polymer will be referred
to as PIm+Br– and PPyr+Br–, respectively (Figure 1).
We performed anionic metathesis by pouring an aque-
ous solution of PIm+Br– or PPyr+Br– into a saturated
aqueous solution of the different sodium halides (NaF,
NaCl, NaI) (Figure 2). In the cases of PIm+F–, PIm+Cl–
, PPyr+F– and PPyr+Cl–, we obtain a turbid suspen-
sion immediately after addition. After extensive dial-
ysis of the resulting mixture against deionized water
and lyophilization we recover in high yields the differ-
ent PIm+X– and PPyr+X– (where X=F, Cl, I). In order
to bring evidence for the efficiency of the ionic metathe-
sis, we submit the resulting materials to negative-mode
high-resolution mass spectrometry (HRMS, see Supple-
mentary Materials). We unambiguously assess complete
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Figure 2: (a) Anionic metathesis reaction. As above, Nu+
corresponds either to pyrrolidinium or imidazolium. (b) Sum-
mary of the polymers derived from a single batch of PBr.
displacement of bromide counterions by the full disap-
pearance of the diisotopic mass peak (89/91Da, Sup-
plementary Figures S2 and S3). We further confirm
substitution by iodide by the concomitant apparition of
a characteristic monoisotopic peak (121Da, Supplemen-
tary Figures S4 and S5), while fluoride and chloride an-
ions signals, which are below the detection limits of the
spectrometer, could not be observed in the corresponding
polymers (not shown).
Differential Scanning Calorimetry (DSC) thermograms
of all synthesized polymers also reveals marked differ-
ences in their properties, that can only be explained by
differences in their counterion features. Thus, in the case
polyelectrolytes with fluoride and chloride counterion, we
observe no exo or endothermic transition below 200 ◦C
(featureless thermograms, not shown). By contrast, we
observe a broad endothermic peak when iodide and bro-
mide are used as counterions, see Figure 3. Quite remark-
ably, we found a similar peak temperature (84-85 ◦C) for
PIm+I– and PPyr+I–. When bromide counterions are
present, we observe a significant increase of the peak
temperature (114-115 ◦C) but again, with a similar value
between PIm+Br– and PPyr+Br– as shown in Figure 3.
The overall shape and position of the DSC peaks is very
reminiscent of previously reported data for various natu-
rally occurring or synthetic poly(electrolytes)[27–30]. It
is generally attributed to desorption of weakly bound wa-
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Figure 3: DSC measurements of polymer samples showing the
presence of an endothermic peak. Curves are shifted vertically
by arbitrary amounts for clarity. Vertical lines indicate the
peak temperatures at 84 ◦C for the two iodides in black and
114 ◦C for the two bromides in gray.
ter from the polymer network.
This difference in DSC profile can be understood by
considering the water-binding ability of the different
polymers in this study. Since the peak temperature does
not depend on the presence of imidazolium or pyrroli-
dinium, water-binding is probably due to the only part
of the side groups able to accept hydrogen bonds from
water: the ester function. Following Zhang and Cre-
mer [20], we propose that these bonds can be enhanced
if the involved water molecule is polarized by solvating
an anion. The polarization, and thus the water-binding
ability will decrease along the direct Hofmeister series
F− > Cl− > Br− > I−. We are able to observe the end
of this trend in the shift of peak position between bro-
mide and iodide counterions, whereas in the case of chlo-
ride and fluoride, binding is too strong to observe water
desorption. This hypothesis is further confirmed below,
when looking at the properties of different polymers in
aqueous dispersion.
Water swelling, counterion condensation and solvent
quality
Water-swelling properties turn out to be extremely
dependent on the polymer composition. With bro-
mide or iodide conterions, both poly(pyrrolidinium) and
poly(immidazolium) polymers afford homogeneous and
optically transparent gels upon swelling with deionised
water. We observe a limited swelling for PPyr+Cl–, re-
sulting in a granular, inhomogeneous gel. With fluoride
counterions, or in the case of PIm+Cl–, we observe nei-
ther swelling nor dissolution. We recover a 7.4 % wt
suspension as a biphasic mixture of its individual com-
ponents.
The above dependence of solubility on the nature of
the counterions follows the direct Hofmeister series. The
strong condensation of F– on the chain decreases the ef-
fective positive charge of the polymer and thus reduces
solubility. Conversely, bulkier and softer ions like I– are
less adsorbed, resulting in more dissociated charges and
higher solubility. As a consequence, while dissolution is
observed for the four polymers with bromide and iodide
counterions, in which ion dissociation takes place to a
sufficient extent, the two polymers with fluoride counte-
rions, for which counterion condensation is expected to
be strong, cannot be dissolved.
However Hofmeister series alone cannot explain the
difference between soluble PPyr+Cl– and insoluble
PIm+Cl–. This constitutes a strong indication that
counterions are more strongly condensed near imida-
zolium than near pyrrolidinium. Indeed, although both
cationic in nature, pyrrolidinium and imidazolium ions
have markedly different properties. Because of their aro-
matic ring, imidazolium ions are particularly prone to
promote a variety of supramolecular interactions which
strongly contribute to their physicochemical properties,
such as pi+−pi or anion−pi+. More recently, pi+−pi+ in-
teractions have also been identified as a distinctive driv-
ing force for imidazolium dimerization[31]. Because of
strong intercoulombic repulsion, pi+−pi+ interactions are
primarily weaker than their pi−pi counterparts. However
it has been established that, in the presence of counteri-
ons, the stabilizing effect of pi + −pi+ interaction could
reach magnitudes largely exceeding that of the latter[31].
In particular, dimerization of imidazolium-chloride ion
pairs have been the object of recent studies, and it
has been shown that the involvement of the negatively
charged counterion was essential in maximizing the sta-
bilization of the pi+−pi+ complex by minimizing coulom-
bic repulsion between the imidazolium moieties[32, 33].
It is likewise well documented that covalent incorpora-
tion of interacting groups within a polymer chain strongly
favours intramolecular interactions between these groups,
by increasing their so-called effective molarity[34–36]. It
is therefore not surprising that both effects participate in
making the imidazolium-anion interaction stronger than
pyrrolidinium at the detriment of solubility.
Such an insolubility in absence of charge dissociation
indicates that the chain is in poor solvent. Locally, the
monomers are condensed in collapsed globules to mini-
mize the contacts with water molecules, and solubility on
larger scales can only be achieved if the polymer bears
enough charges[15, 16]. To estimate the Θ-temperature,
that delimit poor and good solvent behaviour, we held
the two fluoride polymers in water at boiling tempera-
ture overnight. No dissolution or swelling was observed,
implying that Θ > 100 ◦C.
4Rheological measurements
We perform rheological studies of the water-swelling
materials. Briefly, data are recorded at 25 ◦C with an
AR 1000 rheometer (TA Instruments) in a cone-plate ge-
ometry of radius 40mm, an angle of 2◦ and a truncation
of 58 µm[37, 38]. We place the sample on the plate, and
then lower the cone to the measuring position, spreading
the sample in the process. We remove excess material,
so that the sample exactly fills the gap. Due to Weis-
senberg effect at high shear rate, we apply no preshear
before measurement. To minimize water absorption, we
cover the geometry with a solvent trap, using light min-
eral oil as a liquid seal between the rotor and the cap.
After one minute of equilibration we perform an oscilla-
tory frequency sweep at small amplitude (strain ampli-
tude γ = 0.1%, see Supplementary Figure S6) and then
an oscillatory strain sweep at fixed frequency (f = 1Hz).
For fluoride counterions as well as PIm+Cl–, the rheo-
logical profile is that of pure water which confirms the
visual observation. However all other samples behave as
shear-thinning yield stress fluids, confirming our previous
results with PIm+Br– [24]. As shown in Figure 4, soluble
samples are solid-like (G′  G′′) at small strain and flow
at large strains (G′′  G′) with a steep decrease of the
moduli. We confirm solid-like behavior at low strain for
all accessible frequencies (see Supplementary Figure S6).
We checked that the linear mechanical properties are un-
changed by the flow history given a few minutes of rest.
The mechanical properties at low strain evolve with
the factors influencing counter-ion condensation. Imida-
zolium based gels are much weaker than their pyrroli-
dinium counterpart. Comparison between PIm+Br– and
PPyr+Br– is particularly illustrative of this trend, as
their G′ values (13Pa and 8100Pa, resp.) differ by al-
most three orders of magnitude. On the bottom row
of Figure 4 we can compare the rheological responses of
poly(pyrrolidinium)-based hydrogels for the three coun-
terions allowing dissolution in water. Gels with bromide
and iodide counterions show roughly the same modulus
value at vanishing strain for both G′ and G′′. By con-
trast, the gel with chloride counterions is weaker by more
than one order of magnitude. In other words, counterion
condensation is correlated to softer gel. This trend is con-
firmed between PIm+Br– and PIm+I–, the former being
an order of magnitude softer than the later.
Moderately charged PIm+I– and PPyr+Cl– show a
plateau in both moduli at low strain corresponding to
the linear regime of the material; an overshoot of G′′ and
a downward slope of G′ at intermediate strains corre-
sponding to the onset of plasticity [39]; and a decrease
of both moduli at large strains, steeper for G′ than for
G′′, indicating shear thinning. The linear regime is ei-
ther extremely narrow or non existent in heavily charged
PPyr+Br– and PPyr+I–. By contrast the lightly charged
PIm+Br– displays a broad plastic regime (tree decades
of strain) between the linear regime and the crossing of
the moduli. In any case, the end of the linear regime
corresponds to a strain much smaller than 1.
In the following we show that the correlation between
softness and counterion condensation can be explained
on the basis of a microscopic model of interchain inter-
actions.
Processionary model
We have previously demonstrated that, due to the op-
posite charges of the phosphonate head, head-to-body
ionic bonds are possible [24]. On the one hand, if at least
two foreign heads attach to the same body, we obtain an
effective cross-link point. When the probability of such
a configuration is non-zero, we obtain a physically cross-
linked gel. This is the ideal situation that we described
in our previous paper.
On the other hand, if every chain has a single foreign
head attached to its body, every polymer is linked to two
others in a single file[44]. In addition, if we suppose that
in order to minimize the inter-chain repulsion between
charged cationic groups, heads are preferentially attached
to the tail of their neighbour, we obtain a linear chain of
effective polymerisation index nN0 where n is the number
of polymers in the supramolecular queue. This behaviour
is somewhat evocative of that of the pine processionary
caterpillar memorably described by Fabre [25]: “They
proceed in single file, in a continuous row, each touching
with its head the rear of the one in front of it. [...] No
Greek theoria winding its way to the Eleusinian festivals
was ever more orderly. Hence the name of Processionary
given to the gnawer of the pine.”
We thus have two limiting cases: (i) every chain has
at least two heads attached and we have roughly N0
monomers between cross-link points; (ii) every chain has
at the most a single head attached and we have isolated
supramolecular chains in the system. The former case
should be observed when a significant number of ion-
pairs along the polymer chain are dissociated providing
a significant probability for multiple phosphonate heads
binding on a single polymer chain. Conversely, the latter
case should be observed at low charge dissociation. In be-
tween these two limiting cases, we should observe cross-
link points separated by processions of nN0 monomers as
sketched in Figure 5.
As we will discuss in the following, all rheological fea-
tures of the hydrogels studied here can be rationalised
on the basis of this “processionary” model. We base our
analysis on three main observables, see Table I: (i) the
value of the shear modulus at small amplitudeG′(γ → 0),
i.e. the elasticity of the undamaged gel network, (ii) the
strain amplitude γ0 corresponding to the end of the lin-
ear regime [39], and (iii) the strain amplitude γc corre-
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Figure 5: Processionary model. Sketch of the network in the
case of a procession of size n = 3 between cross-links (gray
disks) and a persistence length rscr ≈ 6D. Empty circles are
not individual monomers but electrostatic blobs of size D.
Electrostatic blobs containing an anionic head are shown as
black filled circles.
sponding to the crossing of the moduli. By using these
three parameters, we show that it is possible, with rea-
sonable assumptions, to estimate microscopic parameters
such as the average number of chains between cross-links
n, the number of monomers between dissociated ion pairs
A that quantify counterion condensation and the head-
to-body bonding energy Ec.
Conformation at rest.
The scaling theory of Dobrynin et al. [17] describes the
structure of a polyelectrolyte chain. In the following, we
make the link between this theory and the chemical struc-
ture of our polymers. In absence of strain, the structure
of a polyelectrolyte chain is organised at various scales,
sketched on Figure 6.
Kuhn length. The smallest scale is the Kuhn length
b containing gK monomers. For a freely joint chain of
tetrahedral carbons b ≈ 367 pm which corresponds to 3
tetrahedral carbons. Since a monomer counts 2 carbons
along the chain gK ≈ 3/2.
Thermal length. At the thermal length ξT , the at-
tractive potential between monomers is balanced by ther-
mal energy kBT , with kB the Boltzmann constant. This
balance of energy can be written function of the re-
duced temperature τ = 1 − T/Θ and the number gT
of monomers in the thermal blob:
kBT =
(
b
ξT
)3(
gT
gK
)2
τkBT (1)
Between b and ξT we have a persistent random walk ξT =
b(gT /gK)
1/2. These conditions yields
ξT = b/τ, gT = gK/τ
2 (2)
Electrostatic length, weak charging case. Following
Khokhlov [15] one can further define a third characteris-
tic length D over which the electrostatic energy become
6Nu+X–
Nu+X– b
ξT D
rscr
ξ
Figure 6: Conformation of semi-dilute polyelectrolytes at rest at various scales. Length increases from left to right.
dominant over short range attraction or surface energy
of the collapsed polymer. D defines the size of the elec-
trostatic blob and we name ge the number of monomers
in it. Due to counterion condensation, not all monomers
are charged. Counterion condensation is quantified by as-
suming that there is a charge every A monomers. There-
fore there are ge/A charges in the electrostatic blob and
the electrostatic energy reads Ee = (ge/A)2e2/(4piD),
with e the elementary charge and  the dielectric con-
stant of the solvent. If D > ξT the main opposition to
the electrostatic energy can be understood as a surface
energy proportional to the number of thermal blobs ex-
posed on the surface Es = kBT (D/ξT )2. The balance of
energies yields: (
D
ξT
)2
=
(ge
A
)2 `B
D
, (3)
where `B = e2/(4pikBT ) is the Bjerrum length. In water
`B ≈ 0.7 nm. Since thermal blobs fill the volume of the
electrostatic blob, one has D = ξT (ge/gT )
1/3 and using
Equation (2) we obtain
ge =
A2
ugK
τ, D = b
(
A2
ug2K
)1/3
, with u = `B/b.
(4)
Dobrynin et al. [17] introduced the extension parame-
ter B defined as the ratio between the length of a fully
extended chain of ge monomers (ge/gK Kuhn segments)
and the actual size of the electrostatic blob:
B =
ge
gK
b
D
=
(
A2
ug2K
)2/3
τ (5)
At constant solvent quality and polymer architecture,
B is thus monotonically related to the amount of coun-
terion condensation A. In the following we will use B as
our main variable and estimate it from rheological mea-
surements. We conveniently combine Equations (4) and
(5) to express ge and D function of B:
ge =
(
B3
τ
)1/2
gK, D = b
(
B
τ
)1/2
. (6)
Electrostatic length, strong charging case. From
Equations (2) and (6) we observe that for B < 1/τ the
size of the electrostatic blob should be smaller than the
thermal length and the assumptions behind Equation (3)
break down. To our knowledge the study of polyelec-
trolytes in poor solvent by Khokhlov [15] and subsequent
literature [17, 18] focused on the weak charging regime
and did not treat the small B regime. When B  1/τ ,
most of the counterions are not condensed and attraction
potential between monomers competes directly against
the electrostatic repulsion. The size of the electrostatic
blob is given by the following balance of energies:(
b
D
)3(
ge
gK
)2
τ =
(ge
A
)2 `B
D
(7)
yielding, with D = b(ge/gK)1/2,
D = b
(
A2τ
ug2K
)1/2
, ge =
A2τ
ugK
, (8)
In this weak counterion condensation regime, the def-
inition of the extension parameter B yields a different
relation with A and both D and ge:
B =
ge
gK
b
D
=
(
A2τ
ug2K
)1/2
, D = bB, ge = B
2gK
(9)
Here we shall describe the crossover between weak
and strong counterion condensation regimes by combin-
ing Equations (6) and (9) into
D = bB(1+Bτ)−1/2, ge = gKB2(1+Bτ)−1/2, (10)
and we generalize the relation between A and B as
A = u1/2gK
B
τ1/2
(1 +Bτ)−1/4. (11)
Screening length. The next length scale is the screen-
ing length rscr. BetweenD and rscr the electrostatic blobs
are organised in a linear rod containing gscr monomers.
A rod is B times shorter than the fully extended gscr/gK
Kuhn segments that it contains such that
rscr = gscrb/(BgK). (12)
To obtain rscr we follow [17] by considering in a first
step the case of a dilute solution where the length L of a
single chain of N monomers is shorter than the screen-
ing length. Equation (12) becomes L = N b/(BgK).
Therefore the overlap concentration is c∗ = N/L3 =
BgK/(bL
2). In a second step, when the monomer con-
centration c is larger than c∗ and in absence of salt, the
screening length is
rscr = L
(
c∗
c
)1/2
=
(
BgK
cb
)1/2
. (13)
7When charge screening is mainly due to the presence
of added salt at a concentration cs much larger than
the dissociated counterions, electrostatic interactions are
screened at the Debye length rscr = (`Bcs)
−1/2 ≡ κ−1.
Finally, for arbitrary salt concentration Dobrynin et al.
[17] use the crossover expression,
rscr =
(
BgK
cb
)1/2 (
1 +Bu
cs
c
gK
)−1/2
. (14)
From Equations (12) and (14) we obtain
gscr =
(
B3g3K
cb3
)1/2 (
1 +Bu
cs
c
gK
)−1/2
. (15)
Correlation length. The last length scale is the corre-
lation length ξ. Between rscr and ξ the chain forms a self
avoiding walk of persistence length rscr. Above the cor-
relation length the polyelectrolyte chain forms a random
walk of correlation blobs containing g = cξ3 monomers.
From modulus to procession length.
Let us note N the number of monomers between two
crosslinks or entanglements. If N > g the “procession”
of polymer chains performs a random walk of correlation
blobs, each being a self-avoiding walk. If g > N > gscr
the procession performs only a self-avoiding walk. In
any case, each procession is thus an entropic spring of
constant stiffness kBT . The number density of procession
is c/N . Therefore, the shear modulus at low strain is
given by:
G =
c
N
kBT. (16)
Because of the different weights of the pyrrolidinium and
imidazolium moieties and of the different counterions, c
is not constant as we chose to conduct our experiments
at constant weight fraction w of polymer (generally used
to quantify gelation ability of a given gelator). This ex-
plains why the respective modulus or critical strains of
PPyr+I– (heavier, lower number density) and PPyr+Br–
are in reverse order with respect to the Hofmeister series.
Taking into account the molecular mass M of each poly-
mer, the Avogadro number NA and knowing the density
d of the solvent, we obtain the number n = N/N0 of
chains between cross-link
n =
NA
M
wd
kBT
G
. (17)
We find that the number n of chains between cross-
link point goes from 1 in PPyr+I– and PPy+Br– to 800
in PIm+Br–, following the a priori ranking of charge dis-
sociation, see Table I. This larger cross-link ratio is con-
sistent with a higher probability of attaching two or more
heads on a highly dissociated body.
Limit of the linear regime.
As the material is strained, individual processions
are stretched, starting from the larger scales [40]. As
sketched in Figure 7, when the the correlation blobs are
fully stretched, the procession is a linear assembly of elec-
trostatic blobs. Stretching the chain further means ex-
posing more thermal blobs to the solvent, a process that
cannot be expressed using the model of a spring of con-
stant stiffness. This condition is thus the limit between
the linear and non linear regimes.
For all our samples, the linear regime is narrow γ0 ≈
10−2  1 if existing. It means that the procession is just
long enough to start performing the self-avoiding walk.
Incidentally, this implies that the procession is too short
to perform the random walk. In other words the number
N of monomers between crosslinks is comparable to gscr.
Using equation (15), this condition translates into(
B
B0
)3
= 1 +
B
Bs
(18)
with Bs = c/(ucsgK) and B0 = bc1/3N2/3g−1K =
(bc/gK) (kBT/G)
2/3. Here, we do not have salt per se,
however negatively charged phosphonate heads and their
counterions play the same role by contributing to screen-
ing. We thus have two “salt” charges per chain. Thus
cs/c = 2/N0 and Bs = N0/(2ugK) ≈ 12. B0 is obtained
from G′(γ → 0) for each sample.
Analysing Equation (18), we identify two physically
relevant limit cases: (i) if B  Bs screening is mainly
due to uncondensed counterions and B = B0; (ii) if B 
Bs screening is mainly due to phosphonate heads and
B =
(
B30/Bs
)1/2
> B0.
Numerical solutions of Equation (18) are given in Ta-
ble I. For the same quality of solvent B is monotoni-
cally related to the amount of counterion condensation.
Since our samples are sorted by increasing B we confirm
that they are sorted by decreasing counterion condensa-
tion. To be more quantitative, we extract the number
A of monomers between dissociated charges from Equa-
tion (11). We know that Θ > 100 ◦C so 0.2 < τ < 1. In
the following we will deduce a more precise measure of τ
and thus values of A.
Extension of the electrostatic blobs.
The fully extended self-avoiding walk is a cylinder
of length R0 = Nb/(BgK), of diameter D, of volume
V = R0D
2 and of area Σ0 = R0D = (R0V )1/2. Ex-
tending the cylinder to R = (γ + 1)R0 while keep-
ing the volume V constant thus creates an extra area
∆Σ =
(
(γ + 1)
1/2 − 1
)
Σ0 that translates into a stretch-
ing energy due to the surface tension kBT/ξ2T , via Equa-
8G′(γ → 0) γ0 γc n B Ec Ec D A
Pa % % kJmol−1 kBT `B
PIm+Br– 13 1.1 800 800 830 304 123 24 640
PIm+I– 78 1.8 18 113 113 116 46.8 8.7 140
PPyr+Cl– 272 2.8 10 46.8 58.2 66 26.6 6.2 90
PPyr+Br– 9810 0.3 2 1.1 2.6 5.2 2.1 1.0 7.1
PPyr+I– 8800 0.1 90 1.0 2.4 5.0 2.0 0.9 6.5
Table I: Summary of rheological measurements and microscopic values deduced from the model. Ec, D and A are obtained by
assuming τ = 0.40
D
D
R
γ0
R0
γ0 1
(1+ γ0)R0
γc
(1+ γc)R0
Figure 7: Shearing the gel translates into stretching individ-
ual processions. From top to bottom: configuration at rest;
full extension of the self avoiding walk; stretching of the elec-
trostatic blobs.
tions (2) and (10):
Estretch
kBT
=
(
(γ + 1)
1/2 − 1
) N
gK
(1 +Bτ)−1/2τ2. (19)
If we consider that the head-to-body bonds break at
γc, the reduced temperature is solution of((
(γc + 1)
1/2 − 1
) kBT
Ec
N
gK
)2
τ4 −Bτ − 1 = 0 (20)
where Ec is the energy of the head-to-body bond that
consists in two ionic bonds. In water the bonding en-
ergy between two ions is typically 5 kJmol−1[41], thus
Ec ≈ 2kBT . However the medium surrounding the ionic
bond cannot in general be described as pure water. As
the chain is in poor solvent, electrostatic blobs have a low
water content. Such a low polarity microenvironement is
well known to enhance otherwise weak electrostatic inter-
actions in protein folding or engineered self-assembly[42].
From Equation (10) we know that D increases with
B. We thus expect stronger head-to-body bonds when
B is large and the low-polarity environment is extended
(D  `B). A contrario, the weakest ionic links, closest
to their strength in water, should be found in PPyr+I–
where B is minimum (D ≈ `B).
Applying Equation (20) to PPyr+I– with Ec = 2kBT
yields τ ≈ 0.40 ± 0.07, or a Θ-temperature around
220 ◦C. Using this value and Equation (19) we de-
duce the bonding energy for each composition, as re-
ported in Table I. Indeed, the bonding energy increases
with increasing counterion condensation to reach, in the
case of PIm+Br–, 85% of the carbon-carbon single bond
ξ
rscr
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Figure 8: Conformation of semi-dilute polyelectrolytes at rest
at various scales as a function of counterion condensation pa-
rameter A. The phase diagram is given for a reduced tem-
perature τ = 0.46 and for the monomer number density of
PIm+Br–, although c is slightly different for each sample.
Each vertical line represents a sample.
(350 kJmol−1 or 140kBT ). According to Equation (10),
in this extreme case an electrostatic blob contains ≈ 103
polymers which embed the head-to-body bonds in a low-
polarity environment ≈ 24 times larger than the Bjerrum
length. Conversely, for PPyr+I– and PPyr+Br– the size
of electrostatic blobs is comparable to `B, confirming an
aqueous microenvironment. Quantitatively, the bonding
energy of an ionic bond being inversely proportional to
the relative dielectric constant r, we need to suppose a
local r around 2 (typical of water-insoluble polymers) in-
stead of 80 for water to recover the large bonding energy
of PIm+Br–.
Quantitative phase diagram.
Table I also shows the values of A deduced from Equa-
tion (11) and the measured value of τ . A varies between
97 for PPyr+I–, corresponding to 10 uncondensed counte-
rions per polymer, to 640 for PIm+Br– indicating a single
dissociated counterion every 9 polymers. We stress that
even in this case of very strong counterion condensation
an electrostatic blob still contains several (≈ 90) charges
ensuring electrostatic repulsion and solubility,
Figure 8 summarizes the different conformations of a
procession as a function of scale and counterion conden-
sation for our experimental c and τ . The most strik-
ing feature of this phase diagram is the narrowing of the
regime between D and rscr (white region in Figure 8)
as counterion condensation increases. As the size of the
electrostatic blob crosses the screening length, electro-
static repulsion is no longer able to sustain solubility.
This abrupt transition between an uniform gel and a pre-
cipitate is what separates our five soluble samples from
insoluble PPyr+F–, PIm+Cl– and PIm+F–. Our rheolog-
ical measurements probe the structure of the procession
from the Kuhn length to the distance between crosslinks
that is approximately rscr (upper limit of the white region
in Figure 8). PPyr+Cl– and PIm+I– display the typical
structure of weakly charged polyelectrolytes in poor sol-
vent. PPyr+I– and PPyr+Br– lie right in the crossover
to strongly charged regime. Their correct description is
possible only through Equation (10). Finally PIm+Br–
is extremely close to the transition to insolubility (within
experimental errors) which explains its extreme softness
and wide plastic regime.
From purely rheological measurements, we have thus
obtained microscopic information on the state of the gel:
amount of charge condensation, head-to-body bonding
energy and size of a procession.
CONCLUSION
With this work we demonstrated the versatility of our
“head-to-body” electrostatic approach in the fabrication
of hydrogels with readily tunable rheological properties.
Thus, depending on the nature of the nucleophile used in
the quaternarization step of the polymer, but also on that
of the counterion which can be modified in the course of
its purification process, we showed that it is possible to
manipulate almost at will the gel formability, the density
of physical cross-links and the respective magnitudes of
the shear modulus and of the shear stress.
Strongly interacting anions (i.e. small and hard
halides, like fluoride) and aromatic cations favour coun-
terion condensation, resulting in too few charges to al-
low dissolution and gel formation. The hardest gels with
the narrowest linear domain are obtained with aliphatic
cationic moiety and counterion at the other end of the
Hofmeister series that are less bound to the polymer.
This gives rise to minimal counterion condensation, free
the peripheral, iterative cations and increase their pair-
ing probability with the terminal anion and thus affords
a very high density of cross-links. In between, in the
case of aliphatic cations with a counterion in the middle
of the Hofmeister series (Cl–) or in the case of aromatic
cations and poorly interacting anion, counterion conden-
sation is important and polymers associate in long pro-
cessions with strong head-to-body bonds. We thus obtain
soft gels able to sustain large deformations before flowing.
Coincidentally, the mesh size of our gels is always close
to the procession persistence length, a regime often en-
countered in networks of biological semiflexible filaments
as collagen or actin[43].
To conclude, our procedure yields robust, highly tun-
able hydrogels from short, linear polymer chains and in
the absence of any additive, which could find interest-
ing applications especially in the context of biomateri-
als. Most importantly, systematic comparisons between
the different poly(electrolytes) investigated in this study
were used to establish a model linking the microstruc-
ture of the gel to ion pair dissociation efficiency on the
individual polymer chains. We hope that this model will
join the procession toward future works in supramolecu-
lar assemblies.
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